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Abstract: The impact between particles or agglomerates and a device wall is 15 
considered an important mechanism controlling the dispersion of active 16 
pharmaceutical ingredient (API) particles in dry powder inhalers (DPIs). In 17 
order to characterise the influencing factors and better understand the impact 18 
induced dispersion process for carrier-based DPIs, the impact behaviour 19 
between an agglomerate and a wall is systematically investigated using the 20 
discrete element method. In this study, a carrier-based agglomerate is initially 21 
formed and then allowed to impact with a target wall. The effects of impact 22 
velocity, impact angle and work of adhesion on the dispersion performance 23 
are analysed. It is shown that API particles in the near-wall regions are more 24 
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likely to be dispersed due to the deceleration of the carrier particle resulted 25 
from the impact with the wall. It is also revealed that the dispersion ratio 26 
increases with increasing impact velocity and impact angle, indicating that the 27 
normal component of the impact velocity plays a dominant role on the 28 
dispersion. Furthermore, the impact induced dispersion performance for 29 
carrier-based DPI formulations can be well predicted using a cumulative 30 
Weibull distribution function that is governed by the ratio of overall impact 31 
energy and adhesion energy.   32 
Keywords: impact; adhesion; dispersion; discrete element method; dry 33 
powder inhalation. 34 
1. Introduction 35 
Dry powder inhalers (DPIs) have become increasingly popular for treating 36 
pulmonary and respiratory diseases in recent years, due to their unique 37 
advantages compared with other drug delivery devices (e.g. nebuliser and 38 
metered-dose inhaler), such as direct delivery of drugs to the target areas 39 
resulting in a rapid onset of activity and smaller doses; providing more drug 40 
choices especially for those poorly absorbed orally; and its environmentally 41 
friendly label (Aulton and Taylor 2001; Frijlink and De Boer 2004; Islam and 42 
Gladki 2008; Newman and Busse 2002). However, the dispersion efficiency of 43 
current DPIs is relatively low, i.e. normally fine particle fraction (FPF) < 30%, 44 
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which requires considerable improvements for the further development of 45 
efficient DPIs (Smith and Parry-Billings 2003).  46 
DPI dispersion performance is mainly determined by three factors: device 47 
design, patients’ inspiratory manoeuvre, and formulation design (Jones and 48 
Price 2006). The patients’ inspiratory manoeuvre is directly related to the air 49 
flow in the inhaler. It can also affect the impact of particles with the device wall 50 
because a high air velocity can result in a high impact velocity (Wong et al. 51 
2011). Some device designs, such as increasing the grid cross-sectional area, 52 
can increase the intensity of impact between the particle and the device wall; 53 
while other designs, such as decreasing the inlet size, can increase the air 54 
velocity and subsequently affect the impact behaviour (Zhou et al. 2013). The 55 
characteristics of formulations, such as carrier size and carrier shape, also 56 
affect the dispersion performance. It was reported that DPI performance 57 
improved with decreasing carrier particle size and particles with an elongated 58 
shape, more irregular shapes and rougher surfaces could deliver more API 59 
particles to lower airway regions (Kaialy et al. 2012a; Kaialy et al. 2012b). 60 
It is well recognized that the dispersion process in DPIs is primarily governed 61 
by two mechanisms: i) air flow and ii) mechanical impact (De Boer et al. 2003; 62 
Donovan et al. 2012; Voss and Finlay 2002). Voss & Finlay (2002) developed 63 
a powder de-agglomeration rig and investigated the effect of air flow on dry 64 
powder de-agglomeration and found that the rate of de-agglomeration was 65 
increased with increasing intensity of the turbulence. On the other hand, 66 
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impact induced dispersion/de-agglomeration also drew much attention of 67 
researchers. Thornton and Liu (2004) investigated the impact of a cuboidal 68 
agglomerate with a wall and found that the fracture occurred as a result of 69 
strong force transmission into the agglomerate creating a heterogeneous 70 
velocity distribution. Ning et al. (1997) simulated the particle/agglomerate-wall 71 
impact induced breakage of lactose agglomerate that consisted of 2000 72 
primary particles within a diameter range of 9-11 µm. They found that the 73 
dynamic features and loading compliance of loose agglomerates were 74 
distinctly different from solid particles and strongly bonded agglomerates. 75 
More recently, Tong et al. (2009) used the discrete element method (DEM) to 76 
model the impact between a loose agglomerate of fine mannitol particles and 77 
a wall and found that agglomerate breakage was promoted with increasing 78 
impact velocity and an optimal breakage performance was obtained at an 79 
impact angle of 45°. These studies provided a better understanding of the 80 
underlying mechanism of impact induced dispersion/de-agglomeration. 81 
However, they focused on the agglomerates made of API particles only and 82 
the study on the impact behaviour of carrier-based agglomerates is scarce. 83 
Therefore, in this study, the impact of a carrier-based agglomerate with a wall 84 
at various impact velocities and angles is modelled using DEM, in which inter-85 
particle adhesion is considered. The effects of work of adhesion, impact 86 
velocity and impact angle are investigated. In addition, a mechanism is 87 
proposed for predicting the impact induced dispersion performance of carrier-88 
based DPIs. 89 
5 
 
2. Numerical model 90 
2.1. DEM model 91 
The DEM model is identical to the one used in the previous work (Yang et al. 92 
2013) and summarised here. The translational and rotational motions of a 93 
particle are governed by the Newton’s second law: 94 
 gfv iciii mt
m +=
d
d
        (1) 95 
 i
i
i t
I Tω =
d
d
         (2) 96 
where im , iI , iv , iω  are the mass, moment of inertia, translational and 97 
rotational velocities of particle i , respectively. cif  and iT  are the contact force 98 
and torque acting on the particle. g  is the gravitational acceleration. 99 
As the sizes of API particles used in DPIs are very small, they are very 100 
adhesive. Therefore, JKR theory (Johnson et al. 1971) is applied to model the 101 
adhesion between particles and its implementation in DEM was detailed by 102 
Thornton and Yin (1991). The "pull-off" force, cF , with which the two adhesive 103 
particles can be separated is given by: 104 
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where Γ  is the thermodynamic work of adhesion, and *R  is the effective 107 
radius. 1r  and 2r  are the radius of the particles 1 and 2, respectively.  108 
2.2. Model setup 109 
A carrier particle with a radius of cr  is initially generated. Then N monosized 110 
API particles with a radius of APIr  are created around the carrier. The API 111 
particles are set to move towards the centre of the carrier at a very low 112 
velocity until they are in contact with the carrier. The adhesion between the 113 
carrier and API particle is initially set as a relatively high value and is then 114 
decreased to the prescribed value. After the adhesion is changed to the 115 
required value, a number of simulation cycles are sequentially executed until 116 
the sum of the kinetic energies of carrier and API particles is smaller than a 117 
prescribed value to ensure that a stable agglomerate is formed. After the 118 
agglomeration process is finished, the carrier-based agglomerate impacts with 119 
a wall at a prescribed impact velocity iV  and an impact angle θ  (Fig. 1). Six 120 
different velocities and four different angles are considered to examine their 121 
influence on the dispersion process. The effect of adhesion between the 122 
carrier and API particles is also investigated with various values of the 123 
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thermodynamic work of adhesion. Since the primary aim of this study is to 124 
explore the influence of adhesive interactions between the carrier and API 125 
particles on the dispersion process at the microscopic level, only adhesion is 126 
considered. In the current DEM, particle-particle and particle-wall interactions 127 
are modelled using theoretical contact mechanics, in which physical 128 
properties such as Young’s modulus, Poisson’s ratio, particle density, 129 
coefficient of friction are the input parameters and surface energy is chosen 130 
as a varying parameter for the sensitivity analysis. As a first approximation, 131 
the carrier and API particles are assumed to be spherical and of the same 132 
material, which is consistent with that used in our previous studies (Yang et al. 133 
2013, 2014, and 2015). Even so, it is still believed that the present study will 134 
enhance our understanding of the underlying micromechanics of dispersion 135 
process in DPIs. The simulation parameters are given in Table 1. 136 
3. Results and discussion 137 
Fig. 2 shows a typical dispersion process of API particles during the impact of 138 
the carrier-based agglomerate and the wall. Once the agglomerate impacts 139 
with the wall, API particles in the lower hemisphere detach from the carrier 140 
due to the deceleration of the carrier (Fig. 2 a & b). During rebound, a few API 141 
particles in the upper hemisphere move around the carrier and detach from 142 
the lower region of the carrier while others remain on the carrier (Fig. 2 c & d). 143 
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Fig 3 shows the variations of the contact number, i.e. the number of API 144 
particle sticking to the carrier, and the velocity of carrier particle with time 145 
during the impact. It can be seen that the contact number decreases 146 
drastically while the velocity of carrier increases. A coefficient of restitution e  147 
is defined as: 148 
 
ir VVe /=
         
(5) 149 
in which iV  and rV  are the impact velocity and rebounding velocity, 150 
respectively. From Fig. 3, the coefficient of restitution of the carrier is 0.997. 151 
This implies that very little kinetic energy of the carrier is dissipated during the 152 
impact process. The evolution of force on the wall and force on the carrier 153 
particle is shown in Fig. 4. It should be noted that the line for the force on the 154 
wall is reversed for better comparison. It can be seen that the force first 155 
increases and then decreases. The force on the carrier particle is essentially 156 
identical to (only a little smaller than) that on the wall and the forces on the 157 
API particles can be ignored. This indicates that the carrier plays a dominated 158 
role in the impact process. 159 
The evolution of the dispersion ratio (i.e. the ratio of the number of API 160 
particles detached from the carrier to the total number of API particles) with 161 
time is shown in Fig. 5. The dispersion process can be divided into two stages: 162 
i) the dispersion ratio drastically increases due to deceleration of the carrier 163 
particle caused by the impact between the wall and the agglomerate; ii) the 164 
9 
 
dispersion ratio continues to increase but at a reduced rate during the 165 
rebound. 166 
The effect of impact velocity on the dispersion ratio is shown in Fig. 6. For a 167 
given work of adhesion, the dispersion ratio increases with increasing impact 168 
velocity due to the higher impact energy; while for a given impact velocity, the 169 
dispersion ratio decreases with increasing work of adhesion resulting from the 170 
greater adhesion energy. This indicates that the dispersion ratio is the 171 
resultant effect of these two kinds of energy. It is also found that there is a 172 
saturated dispersion ratio, once it is reached, the effect of further increasing 173 
the impact velocity or decreasing the work of adhesion becomes insignificant. 174 
This might be because the API particles on the top of the carrier are difficult to 175 
disperse under the effect of the deceleration only, resulting in the saturate 176 
value.  177 
The effect of impact angle on the dispersion ratio is shown in Fig. 7. For a 178 
given impact velocity and work of adhesion, the dispersion ratio increases with 179 
increasing impact angle. In other words, an impact at an impact angle of 90° 180 
can maximize the dispersion performance. Similar to the results shown in Fig. 181 
6, the dispersion ratio decreases with increasing work of adhesion for a given 182 
impact angle.  183 
The polar histograms (Zhang 2003) for the contact orientation distribution are 184 
used to illustrate the preferential location for the API particles to detach from 185 
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the carrier. The method to obtain the polar histograms can be found in our 186 
previous work (Yang et al. 2014). The radius of each triangular band 187 
represents the residual ratio of API particles on that carrier surface area, i.e. 188 
the fraction of API particles still sticking on the carrier. The dashed circle line 189 
represents the residual ratio of 1. It can be found from Fig. 8 that for various 190 
impact velocities considered, all the API particles located on the lower 191 
hemisphere detach from the carrier after impact. When the impact velocity is 192 
small, most of the API particles in the upper hemisphere remain on the 193 
surface of the carrier after impact. With the increase of impact velocity, the 194 
residual ratios of those bands near the equator decrease until all API particles 195 
in those areas detach. The polar histograms of the contact orientation 196 
distribution for varying impact angles are shown in Fig. 9. Similarly, with the 197 
increase of the impact angle, only the API particles in the upper hemisphere 198 
still stick on the carrier. It indicates that API particles in the near-wall regions 199 
are prone to be dispersed during the impact induced dispersion process.  200 
As aforementioned, the dispersion performance is determined by the balance 201 
of the impact energy and the adhesion energy. Therefore, an energy ratio η  is 202 
introduced as: 203 
 
ai EE /=η
         
(6) 204 
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where iE  and aE  are the impact and adhesion energies of a single API 207 
particle, respectively. The impact energy is defined as the kinetic energy of 208 
the API particle; the adhesion energy is defined as the work to break the 209 
adhesive contact between the API particle and the carrier and was described 210 
by Thornton and Ning (1998). APIm  is the mass of the API particle. Γ  is the 211 
thermodynamic work of adhesion and *R  is the effective radius as described 212 
in Eq. (3) and Eq. (4). *E  is the effective Young’s modulus that is defined as: 213 
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(9) 214 
in which 1ν  and 2ν  are the Poisson’s ratios of the particle 1 and 2, respectively. 215 
The relationship between the dispersion ratio Φ  and the energy ratio η  is 216 
plotted in Fig. 10a. It can be found that the results of the dispersion ratio for all 217 
the cases with various impact velocities, impact angles and work of adhesion 218 
follow a similar trend. The dispersion ratio sharply increases with the energy 219 
ratio at the initial stage and then gradually reaches the saturated state. 220 
However, it can be also observed that there are some divergences among the 221 
cases with different impact angles, indicating that the impact angle plays an 222 
important role in the dispersion process as shown in Fig. 7.  223 
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It has been found from Fig. 7 that the dispersion ratio increases with 224 
increasing impact angle and an impact at an angle of 90° can maximize the 225 
dispersion performance. Hence, it is believed that the normal component of 226 
impact velocity plays the dominant role. Therefore, the impact velocity in the 227 
normal direction inV , i.e. the normal impact velocity, rather than the impact 228 
velocity iV , is also used to define the effective impact energy. The normal 229 
impact velocity is defined as: 230 
 
θsiniin VV =
        
(10) 231 
where θ  is the impact angle as shown in Fig. 1. Similar to Eqs. (6) and (7), we 232 
have:  233 
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With the normal impact velocity, the variation of dispersion ratio Φ  with 236 
energy ratio nη  is plotted in Fig. 10b. It can be seen that all the results 237 
superimpose onto a master curve. This implies that the impact induced 238 
dispersion is dominated by the normal impact velocity, which is consistent with 239 
previous findings (Moreno et al. 2003; Samimi et al. 2004).  240 
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The dispersion performance can also be approximated using the same 241 
cumulative Weibull distribution function as proposed in the previous work for 242 
airflow induced dispersion (Yang et al. 2014): 243 
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(13) 244 
The location parameter 0η , scale parameter λ , and the shape parameter κ  245 
are given in Table 2, in which corresponding values for airflow induced 246 
dispersion are also listed for comparison. 247 
The above energy analysis is based on a single API particle. If the carrier-248 
based agglomerate is considered as a whole, the normal impact energy is:  249 
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where cm  is the mass of the carrier particle and N  is the number of API 251 
particles. For an agglomerate, the adhesion energy can be defined by (Tong 252 
et al. 2010; Yang et al. 2008): 253 
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in which M  is the total number of particles in the agglomerate. ir  is the radius 255 
of particle i , and iz  is the number of particle in contact with particle i . ijn  and 256 
ijF  are the unit vector connecting the centres of particle i  and j  and the 257 
contact force between particle i  and j . In this study, if it is assumed that the 258 
contact force between two particles is the “pull-off” force cF , Eq. (6-15) can be 259 
rewritten as: 260 
 
( )APIcca rrNFE +='
       
(16) 261 
Then the overall energy ratio is defined as: 262 
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The variation of dispersion ratio with the overall energy ratio is shown in Fig. 264 
11. It can be seen that all the results follow a general trend and the cumulative 265 
Weibull distribution function can also be used to approximate the dispersion 266 
performance as: 267 
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The fitting parameters are also given in Table 2. It can be found from 269 
comparing the parameters that, the values of shape parameter κ  for the two 270 
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methods are similar, indicating that the trends of the variation of dispersion 271 
ratio with energy ratio are similar. However, the value of location parameter 272 
0η  in Eq. (18) is very small (≈0), which is much smaller than that in Eq. (13). 273 
It is believed that from the perspective of an agglomerate, some of the API 274 
particles could detach from the carrier once the agglomerate impacts with the 275 
wall, even if the impact energy is small; while from the perspective of a single 276 
API particle, it can detach from the carrier only when its kinetic energy is large 277 
enough to break the contact with the carrier. From Thornton’s derivation 278 
(Thornton & Ning 1998) it can be found that the “large enough kinetic energy” 279 
is in the normal direction of the two contacting particles. In this study, the API 280 
particles stuck to the carrier are moving with the carrier; therefore the velocity 281 
in the normal direction of the contact is not high even if the impact velocity 282 
itself is sufficiently high. Furthermore, the size of the carrier is much larger 283 
than that of the API particle and the kinetic energy of an agglomerate is much 284 
larger than that of an API particle. Therefore the value of the overall energy 285 
ratio for an agglomerate above which the dispersion ratio starts to increase is 286 
much smaller than that for a single API particle. Similar to the location 287 
parameter, the scale parameter λ  in Eq. (18) is also much smaller than that in 288 
Eq. (13). 289 
This study provides an insight into the fundamental micromechanics of 290 
dispersion processes for dry powder inhalers, which is a complicated problem 291 
demanding further investigation. The problem is tackled using an advanced 292 
numerical method, i.e. DEM, which is a methodology that has been developed 293 
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over the last 35 years and it has been widely used to analyse problems 294 
involving in particles in many fields, based upon similar assumptions such as 295 
spherical particles. DEM is well recognized as a useful tool to explore 296 
fundamental mechanisms since it provides the detailed information of particles 297 
positions, velocities, and the transient forces acting on particles, which 298 
correlates the macroscopic behaviour with microscopic interactions (Zhu, 299 
Zhou et al., 2007; Zhu, Zhou et al., 2008). The DEM code used has been 300 
validated by theory and for many applications (Guo, Wu et al., 2013; Thornton 301 
and Yin, 1991) and it has also been proved capable of modelling DPIs, as the 302 
effects of van der Waals force (Yang, Wu et al., 2013), electrostatic force 303 
(Yang, Wu et al., 2015), and drag force caused by air flow (Yang, Wu et al., 304 
2014) could be considered. Nevertheless, further study with a more realistic 305 
model shall be performed to provide a comprehensive understanding of dry 306 
powder inhalation. Moreover, rigorous experimental validation will also be 307 
worth exploring further. 308 
4. Conclusions 309 
The dispersion process during the impact of a carrier-based agglomerate and 310 
a wall at various impact conditions is modelled using DEM. It is shown that the 311 
dispersion process can be divided into two stages: i) a primary dispersion 312 
stage in which the dispersion ratio sharply increases with time; ii) a secondary 313 
dispersion where the dispersion ratio increases at a much slower rate. It is 314 
found that the API particles in the near-wall regions are prone to be dispersed. 315 
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The impact velocity, impact angle and work of adhesion all affect the 316 
dispersion performance: the dispersion ratio increases with increasing impact 317 
velocity and impact angle; while the dispersion ratio decreases with increasing 318 
work of adhesion. It is revealed that the normal component of the impact 319 
velocity plays a dominant role in the dispersion and the wall-particle impact 320 
induced dispersion for carrier-based DPI formulations can be well 321 
approximated using the cumulative Weibull distribution function governed by 322 
the ratio of the overall impact energy and adhesion energy.  323 
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Table 1. Simulation parameters. 
Parameter Value 
Radius of carrier (µm) 43.75 
Radius of API (µm) 2.5 
Number of API particles 242 
Density (kg/m3) 2650 
Young’s modulus (GPa) 24 
Poisson’s ratio 0.3 
Coefficient of friction 0.3 
Thermodynamic work of adhesion (mJ/m2) 0.1-0.6 
 
 
22 
 
Table 2. Fitting parameters of cumulative Weibull distribution function. 
Parameters Eq. (13) Eq. (18) Airflow induced 
0η  0.54e3 0.35e-2 0.61 
λ  0.12e4 0.13e-1 0.80 
κ  0.47 0.58 0.71 
2R  0.99 0.95 0.99 
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Fig. 1. An illustration of the impact of a carrier-based agglomerate with a wall. 
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a)                              b)                                c)                                d) 
Fig. 2. Snapshots of the impact process between the carrier-based 
agglomerate and the wall ( iV =100 mm/s, θ =45°, Γ=0.1 mJ/ m
2). 
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Fig. 3. The variations of the contact number and the velocity of carrier with 
time ( iV =75 mm/s, θ =90°, Γ=0.1 mJ/ m
2). 
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Fig. 4. The evolution of force on the wall and force on the carrier ( iV =75 mm/s, 
θ =90°, Γ=0.1 mJ/ m2). 
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Fig. 5. The evolution of dispersion ratio with time (θ =45°, Γ=0.1 mJ/ m2). 
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Fig. 6. The effect of impact velocity on the dispersion ratio (θ =45°). 
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Fig. 7. The effect of impact angle on the dispersion ratio ( iV =50 mm/s). 
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a)                                                       b) 
  
c)                                                       d) 
Fig. 8. Polar histograms of the contact orientation distribution for different 
impact velocities (θ =90°, Γ=0.2 mJ/ m2); a) iV =25 mm/s, b) iV =50 mm/s, c) 
iV =75 mm/s, d) iV =100 mm/s. 
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a)                                                       b) 
 
c)                                                       d) 
Fig. 9. Polar histograms of the contact orientation distribution for different 
impact angles ( iV =50 mm/s, Γ=0.4 mJ/ m
2); a) θ =30°, b) θ =45°, c) θ =60°, d) 
θ =90°. 
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a) 
 
b) 
Fig. 10. The variation of dispersion ratio with the energy ratio. a) with impact 
velocity; b) with normal impact velocity. 
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Fig. 11. The variation of dispersion ratio with the energy ratio from the 
perspective of the whole agglomerate. 
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